rRNA plays a central role in protein synthesis and is intimately involved in the initiation, elongation, and termination stages of translation. However, the mode of its participation in these reactions, particularly as to the decoding of genetic information, remains elusive. In this paper, we describe a new approach that allowed us to identify an rRNA segment whose function is likely to be related to translation termination. By screening an expression library of random rRNA fragments, we identified a fragment of the Escherichia coli 23S rRNA (nucleotides 74 to 136) whose expression caused readthrough of UGA nonsense mutations in certain codon contexts in vivo. The antisense RNA fragment produced a similar effect, but in neither case was readthrough of UAA or UAG observed. Since termination at UGA in E. coli specifically requires release factor 2 (RF2), our data suggest that the fragments interfere with RF2-dependent termination.
The rRNAs have been implicated in all three stages of translation (1, 4, 8, 16, 22, 30, 33) , and some experiments suggest a direct catalytic participation in peptide bond formation (29) . The involvement of rRNA in the last stage of translation, peptide chain termination, was indicated by several studies (1, 4, 8, 22, 33) . In a ribosome that has just completed translation of an mRNA into a protein, termination occurs when one of the three termination codons encounters the decoding site (A site) and a release factor (RF) binds to the ribosome and triggers the hydrolysis of the ester bond between the last tRNA and the completed polypeptide (35) . In Escherichia coli, there are two termination codon-dependent RFs: RF1 works at UAA and UAG, and RF2 functions at UAA and UGA (35) . Large rRNAs have been implicated in RF binding (4, 8) and catalysis of peptidyl-tRNA hydrolysis during termination (1) .
The complexity of the large rRNAs makes it difficult to study their structures and functions in the ribosome, especially considering that rRNA folding and performance can be influenced by the numerous ribosomal proteins. However, some rRNA fragments seem to have properties of the whole ribosome, such as the ability to interact with translation factors (26) , antibiotics (14, 21, 34) , or mRNA and tRNA analogs (34) . To simplify the analysis of rRNA involvement in termination, we screened an rRNA random fragment library (37) to identify rRNA fragments that allowed readthrough of a termination codon in vivo, presumably due to inhibition of translation termination. Such rRNA fragments may interfere with the binding of RF to the ribosome or with the correct positioning and folding of rRNA segments that are important for normal termination.
In this paper, we report that the expression of a small fragment of E. coli 23S rRNA or its antisense causes ribosomes to read through UGA, but not UAA or UAG, in vivo. Since termination at UGA in E. coli is driven by RF2, our data suggest that the fragments interfere with RF2-dependent termination.
MATERIALS AND METHODS
Library screening. The construction of the rRNA random fragment library that expresses rRNA fragments from the tac promoter in the plasmid pPOT1 has been described elsewhere (37) . E. coli AL1 [glyV55 recA/FЈ trpA(UGA115)] has a UGA nonsense mutation at position 115 of trpA (28) , the gene for the ␣ subunit of tryptophan synthetase, and therefore requires readthrough of that UGA to grow on medium without tryptophan (Trp). The mutant trpA(UGA115) was derived in one step from the ocher mutant trpA7 (40) , kindly provided by V. Horn and C. Yanofsky. DNA sequence analysis of the ocher mutant trpA gene revealed the ocher codon TAA at codon position 115 (32) . The TAA115 was then converted to TGA115 in vivo, in the presence of a glycine tRNA mutant that suppresses UGA mutations (32) . AL1 cells transformed with the plasmid library were grown on glucose minimal medium (GM) supplemented with 10 g of indole (Ind) per ml and 100 g of ampicillin per ml (27) . Since the trpB polypeptide, namely, the tryptophan synthetase ␤ subunit, can convert Ind to Trp, the AL1 transformants were able to grow on GM with Ind regardless of whether the UGA in trpA was read through or not. The transformants were then screened by replica plating to GM containing ampicillin and 800 g of isopropyl-␤-D-thiogalactopyranoside (IPTG), an inducer of transcription from the tac promoter, applied to the surface of 30 ml of the solid medium contained in one plate. The screening was performed at three different temperatures, 25, 31, and 37°C, to accommodate the possibility that some fragments might acquire an active conformation at temperatures other than 37°C. However, the only IPTGdependent Trp ϩ clone that we found was obtained at 37°C (see Results). In vivo tests. The UGA-suppressing RNA fragment and its antisense were tested for readthrough of all three nonsense codons at each of four codon positions in trpA, 15, 115, 211, and 234, as well as of UAG at position 243 (the UAA and UGA codons were not available). The E. coli strains used for the tests contained the mutant trpA genes on the Fredericq episome (15) and have been described elsewhere (27) . The mutations used for the frameshift tests were the ϩ1 mutations trpA8 (38) and trpE9777 (3), on the chromosome, and the Ϫ1 mutation trpE91, on an FЈ (2). The method for detection of readthrough and frameshift on plates has been described elsewhere (6, 38) and was used here with some modifications as follows. Each mutant strain was transformed with the fragment-containing pPOT1 or pPOT19 (pPOT19 is identical to pPOT1 except for the two mutations in the replication origin that increase the plasmid copy number about 10-fold [data not shown]). As controls, pPOT1 and pPOT19 (without inserts) were introduced into each mutant strain. The transformants were selected on L agar with ampicillin at 37°C and then single colony purified at 37°C on GM with Ind and with 19 amino acids other than Trp plus ampicillin, and patches from each strain were placed on the growth plate (GM supplemented with Ind and ampicillin). For the experiments with pPOT1 constructs, the patches were grown at 37°C. For the experiments where strains containing the pPOT19 constructs were compared with those containing pPOT1 constructs, the patches were grown at 31°C. The plates with grown patches were replicated to a series of plates in the following order: (i) GM supplemented with a low level of Trp, 40 ng/ml, plus ampicillin; (ii) the same as plate i plus 1 mM IPTG; (iii) GM with Ind, ampicillin, and 1 mM IPTG; and (iv) GM with Ind and ampicillin. The indication of readthrough or frameshifting was the observation of IPTGinduced growth on GM with low Trp and ampicillin (see Results). To grow efficiently on GM with the low level of Trp, strains with the nonsense mutations in trpA required readthrough of the nonsense codons and the frameshift mutants required frameshifting. This medium proved to be more sensitive in displaying the Trp ϩ phenotype than just GM because, to grow efficiently on GM with this little an amount of exogenous Trp, the bacteria needed to synthesize less Trp than they did on GM without Trp. Growth on the Ind plates corresponded to general growth since neither readthrough of nonsense codons in trpA nor frameshifting in the frameshift mutants was required for growth on these plates. For the experiments with the pPOT1 constructs, the replica plates were incubated at 37°C for up to 6 days. The replica plates with strains containing the pPOT19 constructs together with the pPOT1 constructs were incubated at 31°C for up to 8 days. As expected, neither pPOT1 nor pPOT19 by itself caused either readthrough or frameshifting in the presence of IPTG (see Results and data not shown).
RESULTS
Identification of an rRNA fragment that causes UGA readthrough. To identify fragments of rRNA that inhibit termination, we screened a random rRNA fragment library (37) . The library expresses rRNA fragments from the tac promoter in the plasmid pPOT1 in the presence of IPTG, an inducer of transcription from the tac promoter. The rRNA fragments transcribed from the tac promoter are flanked by short vector sequences that form hairpin structures, one an 8-bp stem-loop at the beginning of the transcript, the other a 7-bp stem-loop downstream, corresponding to the trp terminator (see Fig. 1B in reference 37). The small hairpins should not interfere with folding of the inserted rRNA fragments and may even increase the stability of the transcript (13, 25, 37) . The plasmid library was introduced into E. coli AL1, which, to grow on medium without Trp, required readthrough of UGA at codon position 115 (UGA115) of the reporter trpA mRNA (Fig. 1) . Of approximately 40,000 transformants screened, only one required IPTG to grow on medium without Trp, i.e., showed an IPTGdependent Trp ϩ phenotype. Isolation of the plasmid from this clone and reintroduction of it into AL1 conferred on that strain the ability to grow on medium without Trp. That ability was IPTG dependent, indicating that the Trp ϩ phenotype was caused by the transcription of a plasmid-borne ribosomal gene segment from the tac promoter. Indeed, sequence analysis revealed that a 63-nucleotide fragment from domain I of 23S rRNA (nucleotides 74 to 136) in direct orientation (Fig. 2) was inserted immediately downstream of the tac promoter. To ensure that no mutations that might have spontaneously occurred in the vector portion of the fragment-containing plasmid (isolated from the library) were responsible for the readthrough of UGA, the fragment was reintroduced into the pPOT1 vector. The IPTG-induced expression of the recloned fragment caused readthrough of UGA115. Consistent with its functional importance, the nucleotide 74-136 segment contained several conserved nucleotides (Fig. 2) . The segment has been proposed to be involved in formation of a pseudoknot (18, 19, 23) via RNA-RNA tertiary interaction as indicated in Fig. 2 
(top).
Readthrough and frameshifting tests. We tested the ability of the UGA-suppressing fragment to cause readthrough of all three termination codons, represented by nonsense mutations at several positions in trpA (see Materials and Methods). The ability of the fragment to cause ribosomal frameshifts was tested with three strains that require their ribosomes to shift translational frame in mutant trpA or trpE genes to be Trp ϩ (see Materials and Methods). Expression of the fragment in pPOT1 caused readthrough of UGA at two codon positions, 15 and 115, of trpA but not of UAA or UAG at the same positions. No readthrough was observed with nonsense codons at three other positions in trpA, and the fragment did not cause frameshifts.
Since the level of fragment expression from pPOT1 (present at about 20 copies per cell) might not be sufficient to register either readthrough of UAA and UAG or frameshift, we cloned the fragment into the higher-copy-number plasmid pPOT19, which is identical to pPOT1 (37) except for the two mutations in the replication origin that increase the plasmid copy number about 10-fold. The IPTG-induced expression of the fragment in pPOT19 was lethal to bacteria at 37°C but not at 31°C. Therefore, the tests of the ability of the fragment cloned in pPOT19 to cause readthrough of nonsense codons and frameshifts were performed at 31°C, in parallel with the same tests for the fragment in pPOT1 at 31°C. As was true of fragment expression from pPOT1 at 37°C, readthrough of UGA but not UAA or UAG at the two trpA positions (15 and 115) previously examined was observed with the fragment expressed from both pPOT1 and pPOT19 at 31°C. Readthrough of UGA15 was much more efficient when the fragment was expressed from pPOT19 than when it was expressed from pPOT1 (data not shown), indicating that the amount of fragment produced from pPOT19 was indeed higher than that from pPOT1. As was observed with the fragment in pPOT1 at 37°C, expression of the fragment at 31°C from either pPOT1 or pPOT19 resulted neither in readthrough of any of the nonsense codons available at three other positions (211, 234, and 243) in trpA nor in detectable ribosome frameshifting. Failure of the fragment to cause readthrough of UGA at positions 211 and 234 (UGA was not available at position 243) may be another example of the well-documented phenomenon referred to as codon context effects (reviewed in references 5, 6, and 36), in which nucleotides adjacent to stop codons, i.e., the mRNA context, in some way affect the efficiency of stop codon readthrough. The sequences immediately preceding and following codon positions 211 and 234 contain differences from those associated with positions 15 and 115 (28) that are potentially relevant to termination or readthrough efficiency.
The results described here suggest that the expression of the rRNA fragment caused a defect in termination of translation at UGA rather than a decrease in the general accuracy of translation. If the fragment had decreased general ribosomal accuracy, one would have seen readthrough of all stop codons, as well as frameshifting, in the presence of the fragment. The validity of this reasoning was verified recently for two rRNA mutants that cause UGA-specific readthrough in vivo and were observed, in a new in vitro termination assay, to be preferentially defective in RF2-dependent peptidyl-tRNA hydrolysis (1) .
UGA readthrough caused by the antisense fragment. If the 23S rRNA segment corresponding to the fragment (nucleotides 74 to 136) is normally involved in UGA termination in the ribosome, one may expect that an antisense RNA, complementary to that segment, can cause UGA readthrough. Consequently, the DNA fragment that corresponds to that rRNA segment was cloned in the reverse orientation under the tac promoter in pPOT1 and pPOT19. Readthrough of the same nonsense codons tested with the sense fragment was tested with the antisense fragment. The ability of the antisense fragment to cause frameshift in all the strains used for the frameshift test with the sense fragment was determined also. The antisense fragment cloned in pPOT1, when expressed from the tac promoter, caused readthrough of UGA115 but not of UAA or UAG at the same position (Fig. 3) . Figure 3 also shows UGA115 readthrough caused by the sense fragment, which was detectable after 1 day of growth. UGA readthrough caused by the antisense fragment was weaker than that caused by the sense fragment and was detectable after 2 days of growth. The antisense fragment caused neither readthrough of the nonsense codons at the other positions nor frameshifting. The antisense fragment cloned into pPOT19 caused readthrough of UGA115 but not of the other nonsense codons, and it did not cause frameshifting (data not shown).
DISCUSSION
We used a library expressing random rRNA fragments to identify those that may affect ribosome functions. Conceptually, this approach is similar to a selection of DNA fragments encoding either peptides that act as dominant inhibitors of protein function or antisense RNA fragments that inhibit gene expression (17, 20) . In experiments described in this report, we looked for rRNA fragments that can cause readthrough of termination codons, that is, suppression of nonsense mutations in trpA.
The data presented in this study show that the expression of a small fragment of E. coli 23S rRNA and its antisense causes ribosomes to read through one of the termination codons, UGA, but not the other two, UAA and UAG, in vivo. Since RF2 is the only RF required for termination at UGA, the data are consistent with the possibility that both fragments interfere with RF2-dependent termination, as has been demonstrated for rRNA mutations that cause UGA-specific readthrough (1).
The ability of both the sense and the antisense fragments to cause readthrough of UGA effectively argues against the possibility that some peptides encoded in both the sense and the antisense fragments are produced and cause the readthrough. Although from the sequence of the sense construct one can deduce several open reading frames, the only peptide that might be produced from the antisense construct is dissimilar to all of the several hypothetical peptides from the sense construct (data not shown). Furthermore, each of the potential peptide-encoding sequences, in either construct, has an apparently weak ribosome-binding (Shine-Dalgarno) site and so should not be translatable efficiently. Therefore, it is most likely that both the sense and antisense RNA fragments themselves interfered with termination.
One can suggest a few different mechanisms by which the FIG. 3 . UGA readthrough caused by the antisense and sense fragments. "GROWTH" plates are the GM plates supplemented with Ind (see Materials and Methods). On these plates, general growth is monitored. "READ-THROUGH" plates are the GM plates supplemented with a low level of Trp, to detect readthrough (see Materials and Methods). Bacterial patches growing on an Ind plate were replicated to the low-Trp plates (with and without IPTG) and to Ind plates (with and without IPTG) (see Materials and Methods). The "Ϫ" column corresponds to the plates without IPTG, and the "ϩ" column corresponds to the plates with 1 mM IPTG. The "UAG," "UGA," and "UAA" columns correspond to the isogenic strains with the UAG, UGA, and UAA nonsense codons, respectively, at position 115 of trpA. Rows 1, 2, and 3 correspond to the strains transformed with pPOT1, pPOT1 with the sense fragment, and pPOT1 with the antisense fragment, respectively. The "GROWTH" plates were photographed after 24 h of incubation at 37°C. The "READTHROUGH" plates were photographed after 42 h of incubation at 37°C. fragments may cause UGA readthrough. First, the sense fragment may mimic a binding site for RF2 and compete with the ribosome for binding to the RF. The antisense fragment then may prevent RF2 binding to the ribosome by base pairing with this putative binding site for RF2. Another possibility is that the sense fragment may titrate a ribosomal protein that may be needed for termination at UGA and the antisense fragment may prevent binding of that ribosomal protein to the ribosome by base pairing with the natural binding site for this protein.
Indeed, ribosomal proteins L24 and L29 have been crosslinked to the 74-136 segment (31) ; however, such experiments indicate proximity of the proteins to the segment, not necessarily contact. Furthermore, footprint experiments on the accessibility of domain I of 23S rRNA to chemical reagents and RNases in the presence of L24 strongly indicate that the 74-136 segment is not a binding site for L24 (10) . There is, in fact, no direct evidence that the 74-136 segment is a binding site for any ribosomal protein. Finally, the fragments may impair termination by interfering with the correct positioning and folding of the 74-136 segment of rRNA during ribosome assembly.
The 74-136 segment of E. coli 23S rRNA corresponds to a part of 5.8S rRNA in eukaryotes. The 5.8S rRNA has been implicated in translation (11, 12, 39) . In particular, it was shown that mutations at or near the region of Schizosaccharomyces pombe 5.8S rRNA that corresponds to the 74-136 segment from E. coli 23S rRNA inhibited cell growth and in vitro protein synthesis (11) . The possible functional importance of the E. coli 74-136 segment, as suggested by the studies of 5.8S rRNA (11, 12, 39) , is supported by the recently identified proximity of the segment to ribosome-bound tRNA (7) and by the results of our study, which demonstrate that the 74-136 fragment and its antisense enhance UGA readthrough in vivo.
